ROLLS

i Rolls-Royce

ROYCE

Rolls Royce IP-SOFC Technology
Development

July 15t 2009
Ted Ohrn
Senior Systems Specialist, Fuel Cell Development

©2009 Rolls-Royce Fuel Cell Systems (US) Inc.

The information in this document is the property of Rolls-Royce Fuel Cell Systems (US) Inc. and may not be copied or communicated to a
third party, or used for any purpose other than that for which it is supplied without the express written consent of Rolls-Royce Fuel Cell

Systems (US) Inc.

This information is given in good faith based upon the latest information available to Rolls-Royce Fuel Cell Systems (US) Inc. No warranty or
representation is given concerning such information, which must not be taken as establishing any contractual or other commitment binding
upon Rolls-Royce Fuel Cell Systems (US) Inc. or any of its subsidiary or associated companies.

This document does not contain any Export Controlled Data.




Summary

® RRFCS has developed tools to
characterize and improve our fuel cell
technology

® Cell technologies are being developed
by RRFCS which can meet performance
and cost targets

® Scaled tests are demonstrating good
performance and durability
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Rolls Royce IP-SOFC Technology
Development

® Technology and approach
® Cell performance testing and modeling

® Cell design improvements
e Cell Pitch
o Cell Materials
e Primary Interconnect

® Cell performance and degradation
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Rolls Royce IP-SOFC Technology
Development

® Technology and approach
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Rolls-Royce integrated planar solid oxide fuel cell tube

Primary Interconnect Air Cathode

In-plane current collector

Cell/Substrate barrier
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Fuel

Integrated planar series arrangement
Series connected cell design for high voltage low current
Thin layers of active materials minimise cost

Ceramic support material uses low cost MgO+Al,O; powder +
low cost extrusion

High voltage low current benefits

Easier hence cheaper for power electronics to convert low
current DC to AC

High voltage facilitate direct conversion to 480 V AC grid

requirement
Low currents give low Ohmic I°R losses offering greater 20KV 19WD  BEl  500x Mag — 50 pm ——

materials options
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SECA

® RRFCS is honored to be selected as an industrial
team under the SECA program
® 2010 targets

e Degradation <2% / 1000 hours in 5000 hours demo
test

e 15kW stack demonstration

e System cost target for high volume production
< $400/kW —-
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Rolls Royce IP-SOFC Technology
Development

o
® Cell performance testing and modeling
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Achieving the goal

® High efficiency and low cost targets require
focused optimization

® Detailed understanding of fuel cell
performance drives improvements in cost and
efficiency

® Cell development for performance
Improvement

e Cell pitch

e Current collectors

e Electrode overpotential
o Electrolyte
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SOFC Performance Model Development

Over-potentials (losses)

J\
_ / N
Veell = ENernst — Nohmic — 11act,cathode - Tlac:t,anode - 11conc,anode - nconc,cathode
\_ J \_ /
/ ~N ~
Electronic Resistance E-Chem Reactions Mass Diffusion

® Ohmic—> based on layer testing, confirmed by EIS
® Cathode activation based on cathode

® Cathode concentration} symmetric cell testing

® Anode activation

® Anode concentration} based on cell testing
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Testing Performance Envelope

® Temperature (700 — 950°C)
® Pressure (1 - 6.5 Bar,)
® Cathode composition

o Oxygen partial pressure (0.08 — 1 Atm)
e CO, and H,O additions

® Fuel composition
e Bundle inlet to bundle outlet

e Fuel dilution to observe anode mass
diffusion limitations
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Testing Capability

® 5 pressurized, 8 atmospheric test stands with
system relevant gas compositions

® 10 atmospheric tube/bundle test stands
® 2 pressurized bundle test stands

® 4 bck test stands under bwld/commlssmnlng
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Well Controlled
Boundary Conditions

Pressure

Temperature
Current/Voltage |
Composition
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Detailed Cell Analysis

® Voltage taps to cL
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discretize cell losses e ——
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Model Development
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De-convolution of cell performance and
degradation contributions

Impossible to de-convolute - only
Ohmic and non-ohmic losses

Impedance Single cell test piece
spectroscopy

- 2 feature d With different fuel
N .
/ oxidant
combinations

T T <

A

FFT
Analysis
Quantify individual
************** A % i'eg”?lde_ layers t ® Actively drive and
Distribution of relaxation times, na onmie components monitor degradation

Now see three distinct
processes

/'

N A

® Target individual

e degradation

processes

® Door opened to
accelerated testing
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Substrate Characteristics Can Impact
Electro-Chemical Performance

® Substrate permeability measured to
determine diffusional resistance

® Modeling used to relate measured
substrate parameters to cell
performance
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Impact of Diffusion Resistance
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Benefit of Pressure
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Benefit of Pressure
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Preliminary Predictions Encouraging

1 OO Case 1 Case 2 Case 3 Case 4 Case 5
H, 41.1% 19.2% 15.2% 11.0% 5.4%
0.95 H,O 259%  453%  416%  385%  37.1%
Points are data, Lines are predictions N, 0.0% 45%  19.8%  34.9%  51.0%
\ 21.8% 10.8% 7.4% 4.1% 1.0%
10.8% 20.1% 15.9% 11.5% 5.5%

0 200 400 600 800 1000 1200 1400 1600

Current Density, mA/cm?
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Rolls Royce IP-SOFC Technology
Development

O

O

® Cell design improvements
» Cell Pitch
®
®

O
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Cell Pitch Optimization

60-cell design minimizes conductance requirement for ACC and CCC

195 mm substrate 245 mm substrate
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Benefits of 60-cell Pitch

Map to Achieve 60W

® 1.1 mm PIC 2 e
width selected T

for lower cost P
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Rolls Royce IP-SOFC Technology
Development

o

o

® Cell design improvements

e Cell Materials
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Anode Current Collector

® Minimize CTE mismatch with substrate
® Maximize conductivity within CTE limits
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Optimization of CCC Ohmic losses
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Lower Cost, Better Performance
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Latest Single-Cell Performance
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Rolls Royce IP-SOFC Technology
Development

O
O
® Cell design improvements

e Primary Interconnect
|
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Primary Interconnect ASR: Via-based
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Primary Interconnect ASR: Ceramic
Strip based design ..
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Interconnect Parasitic Losses

® At 60-cell design there is a larger interconnect/cell area ratio

® Must manage local parasitic losses resulting from materials
selection, PIC designs and printing accuracy

® Significant improvements achieved through various

modifications AOE-06
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Rolls Royce IP-SOFC Technology
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® Cell performance and degradation
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40% Improvement iIn Power
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Single-Cell Degradation Performance
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Single-Cell Degradation Performance
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Anode+ACC Candidate #1 Durability

® Cells can sustain high current density at outlet fuel and 950°C
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Anode+ACC Candidate #2 Durability

® This cell displays more diffusive resistance and higher

degradation
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Summary

® RRFCS has developed tools to
characterize and improve our fuel cell
technology

® Cell technologies are being developed
by RRFCS which can meet performance
and cost targets

® Scaled tests are demonstrating good
performance and durability
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